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Abstract

This paper presents theuBASE evaluation of nuclear and decay properties of nuclides in
their ground- and isomeric-states. All nuclides for which some experimental information is
known are considered. UBASE uses extensively the information given by the “Evaluated
Nuclear Structure Data Files” and includes the masses from the “Atomic Mass Evaluation”
(AME, second part of this issue). But it also includes information from recent literature and
is meant to cover all experimental data along with their references. In case no experimental
data is available, trends in the systematics of neighboring nuclides have been used, whenever
possible, to derive estimated values (labeled in the database as non-experimental). Adopted
procedures and policies are presented.

AmDC: http://csnwww.in2p3.frfAMDC/

1. Introduction

The present evaluation responds to the needs expressed by the nuclear physics com-
munity, from fundamental physics to applied nuclear sciences, for a database which
contains values for the main basic nuclear properties such as masses, excitation en-
ergies of isomers, half-lives, spins and parities, decay modes and their intensities. A

* This work has been undertaken with the encouragement of the [IUPAP Commission on Symbols,
Units, Nomenclature, Atomic Masses and Fundamental Constants (SUN-AMCO).
§ Corresponding authorE-mail address. audi@csnsm.in2p3.fr (G. Audi).
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requirement is that all the information should be properly referenced in that database
to allow checks on their validity.

One of the applications of such a database is the “Atomic Mass Evaluati®e)(A

in which it is essential to have clear identification of the states involved in a decay,
a reaction or a mass-spectrometric line. This is the main reason for which these
two evaluations are coupled in the present issue. Furthermore, calculations requiring
radioactive parameters for nuclear applications (e.g. reactors, waste management,
nuclear astrophysics) need to access this basic information on any nuclide. In the
preparation of a nuclear physics experiment, such a database could also be quite
useful.

Most of the data mentioned above are in principle already present in two evaluated
files: the “Evaluated Nuclear Structure Data FilesRgbF) [1] and the “Atomic Mass
Evaluation” (AME2003, second part of this issue). The demand for a database as
described above could be thus partially fulfilled by combining them in a ‘horizontal’
structure (which exists in theMg, but not in BENSDF). NUBASE is therefore, at a first
level, a critical compilation of these two evaluations.

While building NUBASE, we found it necessary to examine the literature, firstly, to
revise several of the collected results mdbrand ensure that the mentioned data are
presented in a more consistent way; secondly, to have as far as possible all the available
experimental data included, not only the recent ones (updating requirement), but also
those missed in ESDF (completeness requirement). This implied some evaluation
work, which appears in the remarks added in thugAsE table and in the discussions
below. Full references are given for all of the added experimental information (cf.
Section 2.7).

There is no strict cut-off date for the data from literature used in the present
NuBASE2003 evaluation: all data available to us until the material was sent (November
19, 2003) to the publisher have been included. Those which could not be included for
special reasons, like the need for a heavy revision of the evaluation at a too late stage,
are added in remarks to the relevant data.

The contents of NBASE are described below, along with some of the policies
adopted in this work. Updating procedures afBdsE are presented in Section 3.
Finally, the electronic distribution of BBASE and an interactive display of its contents
with a World Wide Web Java program or with a PC-program are described in Section 4.

The present publication updates and includes all the information given in the
previous and very first evaluation ofUBASE [2], published in 1997.

2. Contents of NUBASE

NUBASE contains experimentally known nuclear properties together with some values
estimated by extrapolation of experimental data for 3177 nuclidesBaBE also
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contains data on isomeric states. We presently know 977 nuclides having one or
more excited isomers according to our definition below. In the present evaluation we
extended the definition of isomers compared 1@8NSE'97 where only states with
half-lives greater than 1 millisecond were considered. In present mass spectrometric
experiments performed at accelerators, with immediate detection of the produced
nuclei, isomers with half-lives as short as 100 ns may be present in the detected
signals. We aimed at including as much as possible all those which play or might play
in the near future able in such experiments. We include also the description of those
states that are involved in mass measurements and thus entev20@3.

For each nuclideA,Z), and for each state (ground or excited isomer), the following
guantities have been compiled, and when necessary evaluated: mass excess, excitation
energy of the excited isomeric states, half-life, spin and parity, decay modes and
intensities for each mode, isotopic abundances of the stable nuclei, and references for
all experimental values of the above items.

In the description below, references to papers that are also quoted vt
table are given with the same Nuclear Structure Reference key number style [3]. They
are listed at the end of this issuenjg2003, Part 11, p. 579).

In NUBASE'97, the names and the chemical symbols used for elements 104 to 109
were those recommended then by the Commission on Nomenclature of Inorganic
Chemistry of the International Union of Pure and Applied ChemistupAt). Since
then, unfortunately for the resulting confusion, the names were changed and moreover
two of them were displaced [4] (see also#&2003, Part I, Section 6.5). The user
should therefore be careful when comparing results betweggndE'97 and the
present NilBASE2003 for nuclides withZz > 104. The finally adopted names and
symbols are: 104 rutherfordium (Rf), 105 dubnium (Db), 106 seaborgium (Sg), 107
bohrium (Bh), 108 hassium (Hs), and 109 meitnerium (Mt), while the provisional
symbols Ea, Eb, ..., Ei are used for elements 110, 111, ..., 118.

Besides considering all nuclides for which at least one piece of information is
experimentally available, we also included unknown nuclides - for which we give
estimated properties - in order to ensure continuity of the set of the considered nuclides
at the same time i, in Z, in Aand inN — Z. The chart of the nuclides defined this
way has a smooth contour.

As far as possible, one standard deviationg{&re given to represent the uncer-
tainties connected with the experimental values. Unfortunately, authors do not always
define the meaning of the uncertainties they quote; under such circumstances, the
uncertainties are assumed to be one standard deviations. In many cases, the uncer-
tainties are not given at all; we then estimated them on the basis of the limitations of
the method of measurement.

Values and errors that are given in theBdse table have been rounded, even if
unrounded values were found iNEDF or in the literature. In cases where the two
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furthest-left significant digit in the error were larger than a given limit (30 for the
energies, to maintain strict identity withMk2003, and 25 for all other quantities),
values and errors were rounded off (see examples in the ‘Explanation of table’). In
very few cases, when essential for traceability, we added a remark with the original
value.

When no experimental data exist for a nuclide, values can often be estimated from
observed trends in the systematics of experimental data. In #E2@03, masses
estimated from systematic trends were already flagged with the symbol ‘#'. The use
of this symbol has been extended in®hsE to all other quantities and has the same
meaning of indicating non-experimental information.

2.1. Mass excess

The mass excess is defined as the difference between the atomic mass (in mass units)
and the mass number, and is given in keV for each nuclear state, together with its one
standard deviation uncertainty. The mass excess values givevsissH are exactly

those of the AME2003 evaluation, given in the second part of this issue.

It sometimes happens that knowledge of masses can yield information on the decay
modes, in particular regarding nucleon-stability. Such information has been used here,
as can be seenin the table f8iHe, 1°Na, 3°Sc,52As or3As. In some cases we rejected
claimed observation of decay modes, when not allowed by energetic consideration.
As an example, EsDF2000 compiles fot*?Ba five measurements of delayed neutron
decay intensities, where@¥n) = —29557) keV.

Figure 1 complements the main table in displaying the precisions on the masses, in
a color-coded chart, as a functionfandZ.

2.2. Isomers

In the first version of NBASE in 1997 [2], a simple definition for the excited iso-
mers was adopted: they were states that live longer than 1 millisecond. Already
in NUBASE97, we noticed that such a simple definition had several drawbacks, par-
ticularly for alpha and proton decaying nuclides: whereas3fatecay a limit of 1
millisecond was acceptable (the shortest-lived kn@aaiecaying nuclide®Na) has

a half-life of 1.5 millisecond), foor or proton decay, several cases are known where an
isomer with a half-life far below 1 millisecond lives still longer than the ground-state.

As mentioned earlier, the definition of isomers is now extended to include a large
number of excited states, with half-lives as short as 100 ns, that are of interest for
mass spectrometric works at accelerators. Isomers are given in order of increasing
excitation energy and identified by appending,“ n’, ‘ p’ or ‘ g’ to the nuclide name,
e.9.9Nb for the ground-stat@°Nb™ for the first excited isomeP°Nb" for the second
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one,°°NbP and®°Nb for respectively the third and fourth. INnU8ASE9Q7 we could not
report in a normal way the third excited isomertéiTa with half-life 59 ms, because
of poorness of notation; the new notation adopted here removes also such a limitation.

The excitation energy can be derived from a number of different experimental
methods. When this energy is derived from a method other yhay spectrometry,
the origin is indicated by a two-letter code and the numerical value is taken fram A
Otherwise, the code is left blank and the numerical value is taken friegspEor from
literature update.

When the existence of an isomer is under discussion{&H™) it is flagged with
‘EU’ in the origin field to mean “existence uncertain”. A commentis generally added
to indicate why its existence is questioned, or where this matter has been discussed.
Depending on the degree of our confidence in this existence, we can still give a mass
excess value and an excitation energy, or omit them altogether$&Rg"). In the
latter case, the mention “non-existent” appears in place of that excitation energy.

When an isomer has been reported, and later proved not to existitug?), it is
flagged with ‘RN’ in the origin field to mean “reported, non-existent”. In such case
we give of course no mass excess value and no excitation energy, and, as in the case
of the ‘EU’s above, they are replaced by the same mention “non-existent”.

Note: we have extended the use of the two flags ‘EU’ and ‘RN’ to cases where
the discovery of a nuclide (e.8°Fm) is questioned. In this case however we always
give an estimate, derived from systematic trends, for the ground state masses.

In several cases,NSDF gives a lower and a higher limit for an isomeric excitation
energy. A uniform distribution of probabilities has been assumed which yields a value
at the middle of the range and a Lincertainty of 29% of that range (cf. Appendix B
of the AME2003, Part I, for a complete description of this procedure). An example is
136 a for which it is known that the excited isomer lies above the level at 230.1 keV,
but, as explained infSDF, there are good experimental indications that the difference
between these two levels lies between 10 and 40 keV. We present this information as
E = 2559) keV. However, if that difference would have been derived from theory
or from systematics, the resultififjis considered as non-experimental and the value
flagged with the ‘# symbol.

In case that the uncertaintyon the excitation enerdy is relatively large compared
to the value, the assignment to ground state and isomeric state is uncertein Elf 2
aflag is added in the DBASE table.

As a result of this work, the orderings of several ground-states and isomeric-states
have been reversed compared to thoseNsOt. They are flagged in the D8ASE
table with the ‘& symbol. In several cases we found evidence for a state below the
adopted EsDF ground-state. Also, in many other cases, the systematics of nuclides
with the same parities iN andZ strongly suggest that such a lower state should exist.
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They have been added in theyBASE table and can be located easily, since they are
also flagged with the ‘&’ symbol. In a few cases, new information on masses can also
lead to reversal of the level ordering. Thanks to the coupling of theasE and the

AME evaluations, all changes in level ordering are carefully synchronized.

News on isomeric excitation energies

Interestingly, the technigue of investigating proton decay of very proton-rich nu-
clides gives information on isomeric excitation energies. Thus, such wotR’om
[1997Da07] shows that it has an isomeric excitation en&rgy1753(2.2) keV. This
information is displayed by the 'p’ symbol following the excitation energy. In addi-
tion, study of then-decay series of these activities not only showed that a number of
o lines earlier assigned to ground-states belong in reality to isomers, but also allowed
to derive values for their excitation energies.

Another case of such a change'#8Pb. Thea decay half-life that was previouly
assigned td8PP" is now assigned to the ground-state, following the work of Bbth
al. [1996To01] who showed, first, that contrary to a previous work, there & inoe
at higher energy than the one just mentioned, and second, that the obgeis/éd
correlation with the decay of the daughtéfHg, which is also most probably a 5/2
State.

2.3. Half-life

For some light nuclei, the half—lifeTg/z) is deduced from the level total width )
by the equatiorh'cmTl/2 ~hin2:

T)5(8) =~ 4.562 1022/T e (MeV).

Quite often uncertainties for half-lives are given asymmetricalfy. If these
uncertainties are used in some applications, they need to be symmetrized. Earlier
(cf. AME’'95) a rough symmetrization was used: take the central value to be the mid-
value between the upper and lower-gquivalent limitsT + (a—b)/2, and define the
uncertainty to be the average of the two uncertaintées b)/2. A strict statistical
derivation (see Appendix) shows that a better approximation for the central value is
obtained by using + 0.64 x (a—b). The exact expression for the uncertainty is
given in the Appendix.

When two or more independent measurements have been reported, they are aver-
aged, while being weighed by their reported precision. While doing this, we consider
the NORMALIZED CHI, Xn (or ‘consistency factor’ or ‘Birge ratio’), as defined in
AME2003, Part I, Section 5.2. Only wheg is beyond 2.5, do we depart from the
statistical result, and adopt the external error for the average, following the same
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policy as discussed and adopted im#2003, Part I, Section 5.4. Very rarely, when

the Birge ratioxy is so large that we consider all errors given as non-relevant, do we
adopt the arithmetic average (unweighed) for the result and the corresponding error
(based on the dispersion of values). In all such cases, a remark is added to the data,
giving the list of values that were averaged, and, when relevant, the value of the Birge
ratio x, and the reason for our choice.

In the case of experiments in which extremely rare events are observed, and where
the results are very asymmetric, we did not average directly the half-lives derived
from different works, but instead, when the information given in the papers was
sufficient (e.g2%“Hs or?%°Hs), we combined the delay times of the individual events,
as prescribed by Schmiedtal [1984Sc13].

Some measurements are reported as a range of values with most probable lower
and upper limits. They are treated, as explained above (cf. Section 2.2), as a uniform
distribution of probabilities with a value at the middle of the range and aricertainty
of 29% of that range (cf. Appendix B of them&2003 for a complete description of
this procedure).

For some nuclides identified by using a time-of-flight spectrometer, an upper or a
lower limit on the half-life is given.
i) For observed species, we give this important but isolated piece of information
(lower limit) in place of the uncertainty on the half-life, and within brackets (e.g.
36Mg, p. 34). The user of our table should be careful in that this limit can be very far
below the eventually measured half-life. To help to avoid confusion, we now give, in
addition, an estimate (as always in the present two evaluations, flagged with #) for the
half-life derived from trends in systematics.
i) For nuclides sought for butot observed, we give the found upper limit in place of
the half-life. Upper limits for undetected nuclides have been evaluatedudsadt
by F. Pougheon [1993Po0.A], based on the time-of-flight of the experimental setup and
the yields expected from the trends in neighboring nuclides {ég).

When half-lives for nuclides with the same paritiesZimndN are found to vary
smoothly (see Fig. 2), interpolation or extrapolation is used to obtain reasonable
estimates.

2.4. Spin and parity

As in ENSDF, values are presented without and with parentheses based upon strong
and weak assignment arguments, respectively (see the introductory pages of Ref.
[5]). Unfortunately, the latter include estimates from systematics or theory. Where
we can distinguish them, we use parentheses if the so-called “weak” argument is an
experimental one, but the symbol ‘# in the other cases. The survey might have not
been complete, and the reader might still find non-flagged non-experimental cases (the
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authors will gratefully appreciate mention of such cases to improve future versions of
NUBASE).

If spin and parity are not known from experiment, they can be estimated, in some
cases, from systematic trends in neighboring nuclides with the same paritenidc
Z. This is often true for odd nuclides (see Fig. 3 and Fig. 4), but also, not so rarely,
for odd—odd ones, as can be seen in Fig. 5. These estimated values are also flagged
with the ‘#’ symbol. In several cases we replaced thskE systematics by our own.

The review of nuclear radii and moments of Otten [19890t.A], in which the spins
were compiled, was used to check and complete the spin valuessings.

2.5. Decay modes and intensities

The most important policy, from our point of view, in coding the information for the
decay modes, is in establishing a very clear distinction between a decay mode that is
energetically allowed but not yet experimentally observed (represented by a question
mark alone, which thus refers to the decay mode itself), and a decay mode that is
actually observed but for which the intensity could not be determined (represented by
‘=7, the question mark referring here to the quantity after the equal sign).

As in ENSDF, no corrections have been made to normalize the primary intensities
to 100%.

Besides direct updates from the literature, we also made use of partial evaluations
by other authors (with proper quotation). They are mentioned below, when discussing
some particular decay modes.

The B decay

In the course of our work we refined some definitions and notations foBthe
decay, in order to present more clearly the available information. We denot@with
the decay process that includes both electron capture, denpted the decay by
positron emission, denoted e One can then symbolically writg8™ = € +e*. As
is well known, for an available energy below 1022 keV, only electron captuse
allowed; above that value both processes compete.

Remark: this notation isnot the same as the one implicitly used ingbr, where
the combination of both modes is denoted “EC+B+".

When both modes compete, the separated intensities are not always available from
experiment. Most of the time, separated values WsiF are calculated ones. In
continuation of one of our general policies, in which we retain whenever possible
only experimental information, we decided not to retansBrF's calculated separated
values (which are scarce and not always updated). Most often, it is in some very
particular cases that the distinction is of importance, like inthe case of rare or extremely
rare processes (e.YNb, >*Mn, 11°Te™). Then, the use of our notation is useful.
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In the same line, we give both electron captaréelayed fission and the positron
e -delayed fission with the same symigbt SF.

The double-3 decay

In the course of our work we found that half-lives for douBletecay were not
always given in a consistent way irNEDF. For NUBASE we decided to give only
half-life values or upper-limits related to the dominant process, which is in general the
two-neutrino gs-gs transition (one exception mayéo, for which the neutrinoless
decay is predicted to be faster, see [2002Tr04]). No attempt was made to convert to the
same statistical confidence level (CL) upper limit results given by different authors.

The excellent recent compilation of Tretyak and Zdesenko [2002Tr04] was of great
help in this part of our work.

The B-delayed decays

For delayed decays, intensities have to be considered carefully. By definition, the
intensity of a decay mode is the percentage of decaying nuclei in that mode. But
traditionally, the intensities of the pu@ decay and of those of the delayed ones
are summed to give an intensity that is assigned to the Budecay. For example,
if the (A,Z) nuclide has a decay described, according to the traditionf3by100;
B~n=20’, this means that for 100 decays of the parénf), 80 (A,Z+1) and 20 A—
1,Z+1) daughter nuclei are produced and that 100 electrons and 20 delayed-neutrons
are emitted. A strict notation, following the definition above, would have been in this
case B~ =80; 3 n=20". However we decided to follow the tradition and use in our
work the notation: 7=100;37n=20".

This also holds for more complex delayed emissions. A decay described by:
‘B7=100;B3"n=30;3-2n=20;3~a=10’ corresponds to the emission of 100 electrons,
(30+2x20=70) delayed-neutrons and 10 delayegdarticles; and in terms of residual
nuclides, to 40 A,Z+1), 30 A-1Z+1), 20 A-2Z+1) and 10 A-4Z-1). More
generallyP,, the number of emitted neutrons per 100 decays, can be written:

|
and similar expressions for or proton emission. The number of residadlaughter
(AZ+1)is:
B™=>Bn—)Bja—--
[ ]

Another special remark concerns the intensity of a partic@kaelayed mode.
The primaryB-decay populates several excited states infhdaughter, that will
further decay by particle emission. However, in the case where the daughter’s ground
state also decays by the same particle emission, some authors included its decay
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in the value for the concernefl-delayed intensity. We decided not to do so for

two reasons. Firstly, because the energies of the particles emitted from the excited
states are generally much higher than that from the ground-state, implying different
subsequent processes. Secondly, because the characteristic times for the decays from
the excited states are related to the parent, whereas those for the decays from the
daughter’s ground state are due to the daughter. For exd@plecays throug|s+

mode with an intensity of 100% of which 12% and 11% to two excited p-emitting
states ir’B, and 17% to am-emitting state. We give thy$tp=23% andB3+a=17%,

from which the user of our table can derive a 60% direct feeding of the ground-state
of °B. In a slightly different example®B decays only to two excited statesdBe

which in turn decay byr andy emission, but not to théBe ground-state. We write
thusB=100% and3* a=100%, the difference of which leaves 0% for the feeding of

the daughter’s ground state.

Finally, we want to draw to the attention of the user of our table, that the percentages
are, by definition, related to 100 decaying nuclei, not to the primary beta-decay
fraction. An illustrative example is given by the decay?6fNp, for which the
delayed-fission probability is given in the original paper as 0.020(9)% [1994Kr13],
but this number is relative to treeprocess, the intensity of which is 59(7)%. We thus
renormalized the delayed-fission intensity to 0.012(6)% of the total decay.

In collecting the delayed proton ared activities, the remarkable work of Hardy
and Hagberg [1989Ha.A], in which this physics was reviewed and discussed, was an
appreciable help in our work. The review of Honkanéystd and Eskola [6] on
delayed-protons has also been verified.

Similarly, the review of delayed neutron emission by Hansen and Jonson
[1989Ha.B] was carefully examined and used in our table, as well as the evalua-
tion of Rudstam, Aleklett and Sihver [1993Ru01].

2.6. I'sotopic abundances

Isotopic abundances are taken from the compilation of K.J.R. Rosman and P.D.P. Tay-
lor [1998Ro45] and are listed in the decay field with the symbol IS. They are displayed
as given in [1998Ro045], i.e. we did not even apply our rounding policy.

2.7. References

The year of the archival file is indicated for the nuclides evaluated/8DE otherwise,
this entry is left blank.
References for all of the experimental updates are given by sk&®&ly number [3],

and listed at the end of this issue (p. 579). They are followed by one, two or three
one-letter codes which specify the added or modified physical quantities (see the
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Explanation of Table). In cases where more than one reference is needed to describe
the updates, they are given in a remark. No reference is given for systematic values.
The ABBw reference key is used in cases where it may not appear unambiguously that
re-interpretations of the data were made by the present authors.

3. Updating procedure

NUBASE is updated via two routes: frorNSDF after each nevi-chain evaluation (or
from the bi-annual releases), and directly from the literature.

ENsDFfiles are retrieved from NDC using the on-line service [1] and transferred
through the Internet. Two of the present authors [7] developed programs to succes-
sively:

e check that eacl in the A-chain has an ‘adopted levels’ data set; if not, a corre-
sponding data set is generated from the ‘decay’ or ‘reaction’ data set,

e extract the ‘adopted levels’ data sets fromsbF,

e extract from these data sets the required physical quantities, and convert them into
a format similar to the NBASE format.

The processed data are used to update manually the previous versioBAsEN
This step is done separately by the four authors and cross-checked until full agreement
is reached.

The ENSDFis updated generally b§-chains, and, more recently, also by individual
nuclides. Its contents however is very large, since it encompasses all the complex
nuclear structure and decay properties. This is a huge effort, and it is no wonder
that some older data (including annual reports, conference proceedings, and theses)
are missing, and that some recent data have not yet been included. Where we notice
such missing data, they are analyzed and evaluated, as above, independently by the
four authors and the proposed updatings are compared. Most often these new data
are included in the nextN&SDF evaluation and the corresponding references can be
removed from the NBASE database.

4. Distribution and displays of NUBASE

Full content of the present evaluation is accessible on-line at the web site of the Atomic
Mass Data Center (4DC) [8] through theWbrld Wide Web. An electronic Ascil file

for the NuUBASE table, for use with computer programs, is also distributed by the
AmDC. This file will not be updated, to allow stable reference data for calculations.
Any work using that file should make reference to the present paper and not to the
electronic file.

The contents of NBASE can be displayed by a Java prograruBase [9] through
the World Wide Web and also with a PC-program called thLEUS’ [10]. Both can
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be accessed or downloaded from theok. They will be updated regularly to allow
the user to check for the latest available information WBNSE.

5. Conclusions

A ‘horizontal’ evaluated database has been developed which contains most of the
main properties of the nuclides in their ground and isomeric states. These data
originate from a critical compilation of two evaluated datasets: theDE updated

and completed from the literature, and th&A The guidelines in setting up this
database were to cover as completely as possible all the experimental data, and
to provide proper reference for those used inBNSE and not already included in
ENsDF, this traceability allows any user to check the recommended data and, if
necessary, undertake a re-evaluation.

As a result of this ‘horizontal’ work, a greater homogeneity in data handling
and presentation has been obtained for all of the nuclides. Furthermore, isomeric
assignments and excitation energies have been reconsidered on a firmer basis and
their data improved.

Itis expected to follow up this second version afdhse with improved treatments.
Among them, we plan to complete the extension due to the new definition of isomer
to states with half-lives between 100 ns and 1 millisecond that are available at the
large-scale facilities. Another foreseeable implementation would be to provide the
maina, y, conversion and X-ray lines accompanying the decaysaANE could also
be extended to other nuclear properties: energies of the firstftes in even-even
nuclides, radii, moments ... An interesting feature that is already implemented, but
not yet checked sufficiently to be included here, is to give for each nuclide, in ground
or isomeric-state, the year of its discovery.
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Figure 7: Simulated asymmetric probability density function (heavy solid line) and the equivalent
symmetric one (dashed line).

Appendix A. Symmetrization of asymmetric uncertainties

Experimental data are sometimes given with asymmetric uncertai)(t_’rgs,lf these
data are to be used with other ones in some applications, their uncertainties may need
to be symmetrized. A simple method (Method 1), used earlier, consisted in taking the
central value to be the mid-value between the upper and loweeduivalent limits
X+ (a—Db)/2, and define the uncertainty to be the average of the two uncertainties
(a+b)/2.

An alternative method (Method 2) is to consider the random variabksociated
with the measured quantity. For this random variable, we assume the probability den-
sity function to be an asymmetric normal distribution having a modal (most probable)
value ofx = X, a standard deviatiomfor x < X, and a standard deviati@for x > X
(Fig. 7). Then the average value of this distribution is

(X) =X++/2/m(a—b),

with variance

0% =(1-2/m) (a—h)%>+ab. 1)
The median valuen which divides the distribution into two equal areas is given, for
a>b, by
m— X a—b
erf = , 2
< V2a ) 2a @)

and by a similar expression for> a.

We define the equivalent symmetric normal distribution we are looking for as
a distribution having a mean value equal to the median vaiugf the previous
distribution with same variance.
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Table A. Examples of treatment of asymmetric uncertainties for half-lives. Method 1 is the

classical method, used previously, as in thee?5. Method 2 is the one developed in this
Appendix and used for half-lives and intensities of the decay modes.

Nuclide OriginaITl/2 Method 1 Method 2
BN 240+550-190 ms 426 370 470+ 390
222 1.0+1.0-0.4 pus 1.3+ 0.7 1.44+0.7
264Hg 327+448-120 us 490+ 280 540+ 300
266\t 1.01+0.47-0.24 ms 1104 1.2+ 0.4

If the shiftm— X of the central value is small comparedd®r b, expression (2)
can be written [11]:

m—X~/m/8 (a—b) ~0.6267(a—Db).

In order to allow for a small non-linearity that appears for higher valuaes-efX, we
adopt for Method 2 the relation

m—X =0.64(a—b).

Table A illustrates the results from both methods. WeBNsg, Method 2 is used for
the symmetrization of asymmetric half-lives and of asymmetric decay intensities.
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